Introduction
Polymer-based nanocomposites are recognized as promising materials due to the possible and versatile modifications of the performance of the materials by the incorporation of small amounts of nanosized inorganic particles. In this way, for welldispersed clay mineral layers, even with low contents in the polymer matrix, polymerclay nanocomposites exhibit useful properties, such as mechanical strength, thermal stability, gas barrier, flame retardancy and biodegradability 1 .
Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), a member of polyhydroxyalkanoates (PHA) polyester class, has been shown to be a potential environmentally friendly substitute for traditional plastics 2, 3 . The incorporation of several reinforcing nanoparticles into PHBV, using a solution intercalation method [4] [5] [6] and, more recently, by melt mixing [7] [8] [9] , which enhances its mechanical and thermal properties, has been extensively studied in past years. The reference fillers for the polymer matrix are organoclays prepared using conventional cationic surfactants, such as alkylammonium ions. Depending on the surfactant concentration in regards to the cation exchange capacity of swelling clay minerals, such as montmorillonite (Mt), several packing arrangements (monolayer, bilayer and even trilayers) could be observed. These different packing arrangements lead to an expansion of the interlayer galleries and drive the surface to have an organophilic nature which are key parameters for a good dispersion or exfoliation of Mt layers in the polymer matrix 1 .
Although the final properties of PHBV nanocomposites were enhanced, several studies showed less interest in using conventional organoclays for several reasons: (i) organic ammonium cations undergo thermal degradation at temperatures greater than 170-180 °C, which consequently restrains their potential engineering applications 10 ; (ii) the incorporation of such cationic surfactants favors the degradation of PHBV, leading to a lack of performance of the nanocomposites 11, 12 ; and (iii) the cationic surfactant is highly toxic, which prevents the safe biodegradation of PHBV nanocomposites 13 .
Research interest has recently shifted towards the use of different clay minerallike halloysites as fillers 14, 15 , and even as other organo-modifiers, including nonionic surfactants 16 . Indeed, nonionic surfactants containing n-C n H 2n+1 -(OCH 2 CH 2 ) m OH surfactants were demonstrated to be chemically and thermally stable, biodegradable, non-toxic, and non-corrosive 17, 18 . In contrast to ammonium salts, for which the intercalation invokes electrostatic interactions, the adsorption of nonionic surfactants onto Mt involves several interaction mechanisms, such as H-bonds, ion-dipole interactions and Van der Waals interactions that stabilize the resulting organoclay [19] [20] [21] [22] .
Although the main driving force leading to adsorption has not yet been clearly established and is still under controversy, nonionic surfactants and other associated relative poly(oxyethylene)s could be successfully intercalated in Mt, expanding the interlayer space to a distance of 1.4 and 1.8 nm, corresponding to lateral monolayer and bilayer packing, respectively [19] [20] [21] [22] [23] . Recently, the use of the triethylene glycol mono-ndecyl ether (C 10 E 3 ) as organo-modifiers has attracted attention. Indeed, the adsorption of this nonionic surfactant onto Mt above the critical micelle concentration, in which the C 10 E 3 self-assembles into a lamellar phase, leads to the intercalation of a normal bilayer (d 001 spacing of ≈ 36.4 Å) arrangement, resulting in a condensation of the bulk lamellar phase 24, 25 . This nonionic organoclay exhibits a wide expansion of its interlayer space while simultaneously having a hydrophobic surface, which makes its dispersion or exfoliation easier compared to previous, similar system fillers in the polymer matrix. The triethylene glycol mono-n-decyl ether (C 10 E 3 ) nonionic surfactant was purchased from Nikko Chemicals Inc. and was used without further purification. The cationic organoclay, which was used as a reference material, was an organo-modified montmorillonite Cloisite® 30B (OMt) containing a methyl bis-2-hydroxyethyl ammonium quaternary salt. This organoclay had a cation exchange capacity (CEC) of 90 meq/100 g and was supplied by Southern Clay Products.
Preparation of nonionic organoclay
An aqueous solution of C 10 E 3 was prepared at room temperature at a starting concentration of 10 -2 mol L -1 , at which C 10 E 3 self-assembles into a lamellar phase. 50 mL of a Mt suspension solution (concentration 60 g L -1 ) was then dispersed into 50 mL of the surfactant solution, and the suspension was stirred overnight at 250 rpm. In this way, C 10 E 3 was intercalated in a bilayer arrangement, expanding the interlayer space of Mt, as previously observed 24, 25 . The nonionic organoclay (C 10 E 3 -Mt) was then separated by centrifugation and dried at 70 °C for 48 h before being crushed using an agate mortar.
Melt processing
All materials used in this study were dried under vacuum at 80 °C for 6 h before use. The content of nanoparticles used was 3 wt%, based on the results of our previous work 14 . The PHBV nanocomposites were obtained using a Haake Rheomix 600p
internal mixer operating at 100 rpm and 170 °C for 7 min, with a torque precision of ± 0.5 N m.
The mechanical energy (E m ) (kJ kg -1 ) was calculated from the torque vs. time curves using Equation 1:
where N is the rotation speed (rad s
, M is the sample mass (kg) introduced in the mixing chamber and S is the area defined by the torque vs. time curve (N m s).
The nanocomposites were injection molded in a Haake MiniJet II mini injection molding machine. The temperature of the cylinder was maintained at 190 °C, and the mold was maintained at 80 °C. For reference, neat PHBV and PHBV nanocomposites with unmodified Mt were also processed and analyzed under the same conditions.
Nanocomposites characterization
The morphology of the nanocomposites was examined by transmission electron microscopy (TEM) using a JEOL JEM-1200 Ex II microscope operating at an accelerating voltage of 80 kV. Ultra-thin specimens (70 nm) were cut from the middle section of molded samples in a direction perpendicular to the flow of the melt during the injection process. The cut was performed under cryogenic conditions using a RMC PowerTome XL ultramicrotome with a RMC CRX cryosectioning attachment and operating a diamond knife at -80 °C; the films were retrieved on 300 mesh Cu grids.
Wide angle X-ray diffraction (WAXD) measurements were performed using a Siemens D-500 diffractometer operating in reflection mode geometry with incident Cu analyzed, and the average and standard deviation were calculated.
Results and discussion
Melt processing Figure 1 shows the torque vs. time curves obtained from the melt processing in the internal mixer. The calculated values of the stabilized torque and total mechanical energy of the PHBV and PHBV nanocomposites are presented in Table 1 . and three water molecules around the exchangeable inorganic cations, respectively 28, 29 .
The value of 1.0 nm demonstrates that the Mt is in a dehydrated state. The commercial organoclay used in this study was prepared at a CEC concentration for which all counter ions were substituted by organic cations, leading to a lateral bilayer arrangement, as previously reported in many studies. In contrast to the commercial organoclay, the nonionic organoclay exhibited a wide expansion of the interlayer space due to a condensation of the lamellar phase during the preparation of the organoclay. In contrast, the melting of the nanocomposites prepared by both organoclays behaves differently following the nature of surfactants used (Figure 4 ). For PHBV/OMt, a shift to low temperature for T m and a broadening of the melting enthalpy peak could be observed. This effect has previously been discussed 14, 31 and was attributed to the formation of smaller and/or less perfect crystals as a consequence of the polymer degradation during processing in the presence of quaternary ammonium salts as an organo-modifier of the clay mineral. The nanocomposites with raw Mt and C 10 E 3 -Mt show similar behavior to the unreinforced polymer, indicating that the surfaces of the introduced species do not affect the crystallization process of the polymer matrix.
Thermal stability
The thermal stability of the nanocomposites was evaluated using TGA. Figure 5 presents the TGA and DTG curves of the neat PHBV and PHBV nanocomposites. All the nanocomposites behave similarly to the neat polymer, i.e., the thermal degradation consisted of only one weight loss step between 250 °C and 320 °C in accordance with the non-radical, random chain scission reaction 32 . This indicates no change in the degradation mechanism of the PHBV with the incorporation of nanoparticles. The characteristic temperatures T 5% and T p , which correspond to the initial decomposition temperature (5% of degradation) and to the maximum degradation rate, respectively, and the inorganic content are shown in Table 2 .
The best dispersion and the strong interaction of OMt in the PHBV matrix has most likely created a barrier effect towards polymer degradation products, which lead to an increase of 18 °C in the thermal stability of the PHBV/OMt nanocomposites. This barrier effect clearly counterbalanced the degradation effects of the quaternary ammonium salts. The presence of some agglomerated structures for PHBV/Mt and PHBV/C 10 E 3 -Mt, as observed in the TEM images, did not promote this effect, which was reflected by values similar to those of the neat polymer. The residue remaining at 600 °C was consistent with the theoretical clay content. Figure 6 shows the storage modulus (E'), loss modulus (E") and tan δ curves from the DMA analysis for the PHBV and PHBV nanocomposites. The storage modulus reflects the capability of a material to store mechanical energy and resist deformation, while the loss modulus reflects the ability to dissipate energy 33 . The addition of nanoparticles to PHBV increased the E' and E" of the system over the entire temperature range and was independent of the modification of the clay mineral. The increase in E' was more pronounced at temperatures above the glass transition temperature (T g ) determined from the tan δ peak. Above the T g , the nanoparticles, The overall fracture process may be divided into both crack initiation and propagation stages 39 . The maximum force is the highest load where crack initiation occurs. Thus, the peak force can also be presumed as a threshold beyond which the material fractures 40 . The impact strength values are also presented in Figure 7 . The results confirm that the impact strength values were markedly reduced by the incorporation of OMt. This property loss can be attributed to the degradation of PHBV during processing, as observed in the torque curves. However, the PHBV/C 10 E 3 -Mt nanocomposite showed a slight increase in the impact strength, which can be attributed to the plasticizing effect of the surfactant.
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Conclusions
In this study, biopolymer degradable nanocomposites based on PHBV and a 
